The surfactant-driven spreading of droplets is an essential process in many applications ranging from coating flow technology to enhanced oil recovery. Despite the significant advancement in describing spreading processes in surfactantladen droplets, including the exciting phenomena of superspreading, many features of the underlying mechanisms require further understanding. Here, we have carried out molecular dynamics simulations of a coarse-grained model with force-field obtained from the Statistical Associating Fluid Theory to study droplets laden with common and superspreading surfactants. We have confirmed the important elements of the superspreading mechanism, i.e. the adsorption of surfactant at the contact line (CL) and the fast replenishment of surfactant from the bulk. Through a detailed comparison of a range of droplets with different surfactants, our analysis has indicated that the ability of surfactant to adsorb at the interfaces is the key feature of the superspreading mechanism. To this end, surfactants that tend to form aggregates and have a strong hydrophobic attraction in the aggregated cores prevent the fast replenishment of the interfaces, resulting in reduced spreading ability. We also show that various surfactant properties, such as diffusion and architecture, play a secondary role in the spreading process. Moreover, we discuss various drop properties such as the height, contact angle, and surfactant surface concentration highlighting dif- ferences between superspreading and common surfactants. We anticipate that our study will provide further insight for applications requiring the control of wetting.
Introduction
Superspreading of surfactant-laden aqueous droplets is an exciting phenomenon, which has received a great deal of attention over the last six decades [1] [2] [3] [4] [5] [6] . It refers to the unexpectedly rapid spreading of aqueous droplets on hydrophobic substrates, due to the presence of surfactant molecules known as superspreaders [7, 8] . This phenomenon is of fundamental importance for diverse applications, such as coating technology, drug and herbicides delivery, and enhanced oil recovery [2, [9] [10] [11] [12] . Although the first reports of superspreading date back to over 50 years ago [3] , this phenomenon still attracts considerable attention from both theory and experiment [4, 5, [13] [14] [15] [16] [17] [18] [19] [20] . While experimental [18] [19] [20] [21] and theoretical [13] [14] [15] [16] [17] 22 ] studies have discussed possible mechanisms of the superspreading for surfactant-laden droplets, certain aspects of this phenomenon require further discussion. This includes the distribution of surfactant molecules within the droplet and the role of surfactant aggregation and diffusion in the spreading process. Moreover, simulation studies have thus far only considered a limited selection of superspreading and common surfactants and a broader selection of surfactants would provide more information towards identifying similarities and differences between surfactant behaviour.
The study of spreading phenomena by computer simulation is well justified, given the availability of reliable all-atom [23] [24] [25] [26] and coarse-grained (CG) models [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] that enable the faithful simulation of these systems. Indeed, simulations of aqueous solutions with surfactants [13, 22, [45] [46] [47] [48] [49] [50] [51] have established the connection between the behaviour of surfactants in the bulk and spreading [52] [53] [54] [55] , while the superspreading mechanism and the main characteristics of superspreading surfactants have been the focus of recent studies [5, 13-17, 22, 52, 54-56] . Moreover, experiments have elucidated a number of factors that aid or suppress spreading, such as the rate of evaporation [57] , humidity [58] , pH [59] , surfactant structure and concentration [60, 61] , surfactant aging effects [62] , surfactant mixtures [63, 64] , substrate hydrophobicity [1, 58, 65] , and temperature [60, 66] . Despite numerous experimental and numerical studies on the superspreading of surfactant-laden droplets, the study of the superspreading mechanism requires access to molecular-level information of the system, which is not accessible to experiment and continuum simulation.
Therefore, we employ here large-scale Molecular Dynamics (MD) simulation of a CG model to study the spreading process by using different common and superspreading surfactants (Fig. 1) . We perform analysis of various properties highlighting differences and similarities in the spreading process for these surfactants. Our study also highlights the importance of the aggregation tendency of surfactants, which affects the adsorption efficiency of surfactants at the interfaces and is an important component of the superspreading mechanism [14, 15] .
Moreover, properties such as surfactant diffusion and architecture, among others, seem to play a lesser role in superspreading.
Model and methods
In this study, we carried out MD simulations of a CG model to study systems of aqueous droplets laden with either common or superspreading surfactants. We have considered a widely used superspreader (Silwet L77) and a common surfactant (C10E8) as well as different cases by varying the legnth of the hydrophilic (common and superspreading surfactants) and the hydrophobic parts (common surfactants) of the surfactants (Fig. 1 ). Our CG model stems from the SAFT-γ molecular-based equation of state (EoS), which analytically describes thermophysical data [67, 68] . This model has proven to be particularly suitable to capture the superspreading of surfactant-laden aqueous droplets [14, 15] and bulk properties of these systems [14, 50, 51, [69] [70] [71] . The EoS offers an accurate fit for force-field parameters, due to the close match between the theory and the underlying Hamiltonian of the system. Hence, it is able to reproduce macroscopically observed thermophysical properties and describe accurately fluid-fluid and fluid-solid interactions [49-51, 69, 72-76] .
In fact, the SAFT approach derives robust and transferable potentials of effective beads that represent groups of atoms or even whole molecules (e.g. water)
with the approach being capable of describing heterogeneous chain fluids [74] .
Moreover, the interaction parameters are traced to macroscopic properties of the original segments of the associated pure components [72] . Here, an effective bead 'W' represents two water molecules (H 2 O) with mass m W = 0.8179m [69] , where m is the reduced unit of mass corresponding to 44.052 amu. Ef-
groups with mass, m D = 1.6833m, 'EO' to −CH 2 − O − CH 2 (ether) chemical groups with mass, m EO = m, and −CH 2 − CH 2 − CH 2 − (alkane, CM) groups with mass, m CM = 0.9552. We make no distinction between terminal methyl groups and the CH 2 groups [51] . The chemical structures of the common and superspreading surfactants considered in our study are illustrated in Fig. 1 .
Effective beads interact via the Mie potential, which is described by the following relation:
where
The indices i and j indicate the bead type (e.g., W, M, etc.). Thus, σ ij , ε ij , λ r ij , and λ a ij are parameters of the Mie potential, while r ij is the distance between any two beads. The values of the Mie potential parameters for different pairs of beads are summarised in Table 1 ; the potential cutoff is set to r c = 4.583σ.
In addition, λ a ij = 6, irrespective of the bead type [77] . Chain molecules are built by tethering subsequent effective beads together using a harmonic potential,
where values of σ ij are given in Table 1 , and k = 295.33ε/σ 2 . σ is the unit of length while ε is the energy unit. Moreover, EO effective beads along the chain interact via a harmonic angle potential, of the form,
where θ ijk is the angle between three consecutive beads along a chain, k θ = 4.32ε/rad 2 is a constant indicating the strength of the harmonic interaction (stiffness of the chain), and θ 0 = 2.75 rad is the equilibrium angle.
The fluid-substrate interactions were taken into account by integrating the solid potential considering wall composed of spherical Mie beads (implicit substrate) resulting in the following expression [78] :
Here, D is the vertical distance between beads and the substrate, A = 1/(λ • . To achieve this, the value of the parameter ε SW = 1.4ε.
The respective values for the substrate σ SS = σ and all fluid-solid interactions can be obtained by employing common combining rules [68] , namely,
[68]. Our model has been matched to experimental data at all stages of the method development and the acquired data were compared with experimental results, with the coarse-grained model specifically parameterised to reproduce:
the experimental phase behaviour of water and surfactants [14, 15, 50, 51, 69] , the spreading behaviour [14, 15] , and observed effects of surfactant architecture and bilayer formation [1, 79] .
All simulations were performed in the NVT ensemble by using the Nosé-Hoover thermostat as implemented in the HOOMD package [80] based on the MKT equations [81, 82] , with an integration time-step of ∆t = 0.005τ , where 
Superspreading
In previous work [15] , we used CG MD simulation to propose a mechanism for superspreading of surfactant-laden aqueous droplets, based on a detailed molecular-level analysis of adsorption processes that take place in the droplet during spreading. has been previously suggested by continuum modelling [83] . This adsorption of surfactant at the CL results in an increase in the area of SL and LV inter-faces, which causes a temporary depletion of surfactant at the interfaces. For this reason, the fast repletion of the interfaces with surfactant from the bulk is crucial in order to sustain the rapid spreading of the droplet. As a result, the ability of effectively adsorbing at the interfaces is an essential feature of superspreading surfactants [15] . In the case of the bilayer structure at the final stages of spreading, surfactants between different parts of the droplet continuously exchange. In this case, there is no dominant direction of adsorption and the system is in a dynamic equilibrium. Characteristic snapshots of aqueous droplets laden with Silwet-L77 surfactants as obtained by MD simulation are presented in Fig. 2 , where the distribution of surfactant molecules within the droplet and at the interfaces is illustrated. As the droplet spreads towards the final equilibrium bilayer structure, the aggregates from the bulk supply the interfaces with surfactant. In the final stage, aggregates have dissolved and only surfactant monomers appear within the bilayer. We now compare these profiles to typical profiles for common surfactants (Fig. 4) . For the range of common surfactants considered in this study, only droplets with C12E5 surfactant eventually form a bilayer structure, but the Indeed, in droplets with common surfactants (Fig. 4 ) the hydrophobic cores of surfactant aggregates can be better distinguished than in droplets with superspreading surfactant, since local density variations from the average density are larger. Below, we will discuss this point in more detail.
Results and Discussion
Molecular dynamics simulation can provide estimates of the adsorption rates of surfactant at different parts of the droplet by tracking individual chains, which is an important strength of molecular-level simulation. Considering an average of the adsorption rates in the ensemble of all surfactants by analysing the individual trajectories of each surfactant during the spreading of the droplet we have confirmed the importance of the surfactant adsorption at the LV interface as well as at the SL interface and to a lesser extent to the CL, and from the bulk to the SL and LV interfaces. These adsorption processes are crucial for the formation of bilayer, but spreading rates vary depending on the ability of the surfactant to replenish the LV and SL interfaces, where a temporary depletion of surfactant is observed during droplet spreading. Our conclusions have been corroborated by the density profiles, which show a tendency of surfactants to remain in aggregates for droplets with common surfactants. Indeed, by following the trajectory of each surfactant molecule within the droplet during spreading we can measure the probability of finding surfactants in different parts of the droplet ( Table 2 ). We have confirmed that common surfactants have a higher tendency to remain in the bulk in the form of aggregates, as the density profiles of Fig. 4 might suggest. Our results also indicate that common surfactants exhibit smaller or comparable probabilities of being at the LV interface and smaller probability of being at the SL interface due to the stronger hydrophobic character of the lyophilic part of the surfactant molecules (cf. interactions in Table 1 ). This also affects the ability of surfactant to adsorb at the CL. Finally, among the common surfactants considered here, the droplet with C12E5 surfactants is able to form the bilayer structure. In this case, we found the smallest probability that surfactants will stay in the bulk of the droplet. Analysis of the overall diffusion of surfactant molecules within the droplets (Fig. 5) has further underlined the importance of adsorption/desorption processes and the aggregation tendency of surfactants in the spreading process. The overall motion of surfactant within the droplet is subdiffusive irrespective of whether the surfactant is a superspreader. While differences between cases are small, our results suggest that both the size (smaller molecules generally tend to diffuse faster), chemistry and molecular architecture may affect the motion of surfactant in the droplets, but differences are small. Based on this comparison between common and superspreading surfactants we have concluded that the molecular diffusion plays a minor role in the spreading process and the ability of surfactants to replenish the interfaces during spreading is mainly dictated by the aggregation properties of that surfactant. surfactants allow for a better packing at the interfaces. In other words, a larger number of molecules are required to cover the interfaces. This is also illustrated as we attempt to compare the density profiles at the SL and LV interfaces of droplets with different surfactants. Fig. 7 illustrates a typical comparison between superspreading (T3E3) and common (C10E8) spreading cases at the initial and final stages of the spreading process. The density of surfactants appears larger in the case of the linear C10E8 surfactant than in the case of the T-shaped T3E3 surfactant, despite the overall considerably smaller size of the latter. While this difference in behaviour is larger at the SL interface, a smaller difference is observed at the LV surface. Considering the density profiles at the LV and SL interfaces for the solvent molecules (Fig. 8) , we found that the interfaces of the droplets are dominated by the surfactants and the solvent's density is rather small. The presence of water at the interfaces is smaller in the case of the C10E8 surfactant due to the closer packing of the molecules. At the LV interface the T3E3 has formed a bilayer, which is dominated at the CL by water, while the rest of the interface is dominated by surfactant at the bilayer. of Silwet-L77. This is also reflected in the case of the contact angle (Fig. 10) , where smaller surfactants lead to smaller contact angles. In order to measure the contact angle, we have used a linear fit for the LV interface at the CL. Clearly, the formation of bilayer at the CL does not allow for a strict interpretation of our measurements and a more accurate way of measuring the contact angle at the CL, based on the droplet curvature [14] , is clearly not applicable in this case. Moreover, we do not attempt here to describe the fluctuating contact angle behaviour, which has been considered in a previous study in detail [84] .
However, our measurements of the contact angle at the CL are consistent with the fact that smaller surfactants are associated with smaller contact angles.
Conclusions
In this study, we have discussed various properties of droplets laden with common and superspreading surfactants. Our analysis has confirmed that the ability of surfactant to adsorb at the interfaces is a key feature of the superspreading mechanism. We have also found that a key feature of nonsuperspread-ing surfactants is their higher tendency towards aggregates formation, which is a result of the stronger lyophilic interactions. Moreover, the surfactant spatial distribution, diffusion and chain architecture play a smaller role in the spreading process. Finally, we have discussed various properties of the droplets, including height, contact angle and surface concentration, in the context of superspreading behaviour of the droplets. These highlight the different behaviour of common and superspreading surfactants. We anticipate that our work will provide further insight into the spreading mechanisms of surfactant-laded droplets and will underline differences between common and superspreading surfactants. This insight will directly benefit applications requiring the control of wetting through a rational chemical and architectural design of surfactants. Table 1 : Reduced molecular parameters of the Mie interaction potential between effective beads. λ a ij = 6 for all cases. The length and the energy unit are σ = 0.43635 nm and ε/k B = 492 K, respectively. Therefore, k B T /ε = 0.6057, which corresponds to 25 0 C. Silwet L77
C10E3
Figure 1: Structure of the superspreading Silwet L77 and and common C10E3 surfactants. The T3E3 surfactant has the same structure as the Silwet L77 surfactant, but it only consists of three ethoxyl groups. Similarly the number of alkyl and ethoxyl group are varied accordingly in the case of common surfactants considered in this study, such as C10E8, C12E5, and C12E6. 
